Background: A fundamental feature of bacteriophage X site-specific recombination is the strict requirement for a region of sequence identity between recombining DNA duplexes. It has been difficult to understand how the recombination machinery identifies and responds to nonhomologies as subtle as a single base-pair substitution, because the reaction intermediates are transient and there are likely to be several different homology-dependent steps. In order to understand better how the recombination machinery compares parental sequences, we have used the recently developed 'suicide substrates' -DNA containing 5'-bridging phosphorothioate linkages -to monitor the timing of homology-sensing relative to the strand cleavage reactions. Results: The cleavage reactions for the two different strands of attB, the bacterial recombination locus for X integration, show very different degrees of dependence on homology with the partner locus, attP. Strand cleavage at the B binding site for Int recombinase is insensitive to homology. In contrast, cleavage at the B' binding site strongly depends on homology in the three base pairs adjacent to the B site. Strand cleavage at the B site is apparently required for the readout of this homology but, surprisingly, joining of the cleaved B site to a partner is not. Conclusions: Our finding that cleavage at the B site is insensitive to homology shows that effective synapsis between partners does not depend on sequence matching. Cleavage at the B' site provides the earliest positive signal for a homology-dependent switch in the X recombination machinery. Because this switch can occur in the absence of strand joining, the results argue against models that invoke strand ligation as the critical element of homology-sensing. Alternative mechanisms are presented that involve varieties of non-covalent strand swapping. A synthesis of the present results and other recent experiments highlights the importance of the disannealing of complementary strands and their reannealing to new partners, a process traditionally described as branch migration. The reversibility of branch migration and its bias away from mismatched combinations are proposed to be the major mechanisms of homology-sensing during A integration.
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Background
Site-specific DNA recombination is the process bacteriophage X uses to integrate into and excise out of the Escherichia coli chromosome. Integrative recombination takes place between two attachment sites, attB and attP, located on the bacterial and phage chromosomes, respectively (see [1, 2] for recent reviews). A fundamental feature of this reaction is homology dependence: the formation of recombinant product depends upon sequence identity between the two substrate duplexes in a particular subsegment of the attachment sites. Determining when and how this homology-sensing occurs is critical to understanding these reactions. In this report, we apply the use of a recently developed 'suicide substrate' to probe the timing of homology-sensing relative to the strand cleavage reactions.
Integrative recombination is catalyzed by a phage protein, integrase (Int). Two sets of strand exchange events, separated by seven-base pairs (termed the overlap region), are necessary to produce a completed recombinant. The seven base-pair overlap region, which is identical in wildtype attP and attB, is the locus of homology-sensing [3] . Changing the sequence of one partner within the overlap region greatly decreases recombination in vitro and in vivo, but recombination is restored if the identical change is introduced into the other partner [4] . The overlap region is bounded by two inverted Int binding sites, which position Int to carry out the cleavage and joining reactions on the two duplex strands ('top' and 'bottom') within a given attachment site. The Int binding sites are termed B and B' in attB, and C and C' in attP. The B and C sites direct the cleavage and, presumably, the joining reactions of the top strands; B' and C' play the same roles for the bottom strands [5] . The 'core' regions -the overlap region and the two inverted Int binding sitesfrom attP and attB are shown in Figure 1 .
A functional attB consists only of the core region, but a functional attP requires flanking regions, not present in attB, that contain multiple binding sites for Int and a In keeping with recent usage [14] , rather than using a numbering system based on the center of the 15 base-pair region originally identified as common to attachment sites 129], the overlap positions are numbered with respect to the position of top-strand cleavage. In order to permit the use of the same thymidine-based synthon [81 to introduce a bridging phosphorothioate at the point of top-and/or bottom-strand cleavage, the overlap sequence of these sites is the safT variant [4] , which contains a C-G to A-T transversion at position 7. In this work, attB derivatives contain this alteration (except where noted), and attP derivatives with a variety of overlap sequences are used. second protein, integration host factor (IHF) [2] . The Int binding sites in the flanking 'arms' of attP are recognized with high affinity by a domain of Int distinct from the one that binds the core sites. IHF is an architectural element that is required to deform the DNA of attP, at least in part to permit Int simultaneously to contact the arm and core binding sites. With the help of DNA supercoiling, these proteins cooperate to form a higher-order structure at attP, termed the intasome. According to the 'naked attB hypothesis', the affinity of the core binding domain of Int for attB is so weak that attB enters the reaction without any bound protein and is acted upon by domains of Int that are provided by the intasome [6] . Our current view, therefore, is that integrative recombination is a bimolecular, single-turnover reaction with the intasome acting as the enzyme and attB as the substrate.
Int uses an elementary topoisomerase mechanism to carry out the individual strand cleavage and joining reactions. In the cleavage reaction, a tyrosine from the active site of the protein attacks a phosphodiester bond. The resulting two pieces of DNA have, respectively, a phospho-Int covalent intermediate at the 3'-end and a hydroxyl at the 5'-end. In the subsequent joining reaction, another hydroxyl (generated by Int cleavage of the partner strand) attacks the 3'-protein intermediate, displaces Int and generates a new DNA phosphodiester linkage [7] . We have recently shown that cleavage becomes irreversible if a 5'-bridging phosphorothioate is placed at the site of strand exchange. This modified DNA substrate is efficiently cleaved by Int, but the 5'-sulfhydryl, generated by strand cleavage, is inert in subsequent joining reactions [8] . In the present study, we have placed 5'-bridging phosphorothioate linkages in the top and bottom strands of attB. By following the effects of overlap substitutions on the irreversible strand cleavage reactions with this modified substrate, we have been able to order the homologydependent steps relative to cleavage at the B and B' sites.
Results
Monitoring cleavage at the B site of attB In theory, the homology-dependent step(s) of integrative recombination could occur during the binding of intasome (enzyme) with attB (substrate), or during the generation and/or processing of any recombination intermediates. If homology were sensed during binding, sequence changes in the overlap region should slow the rate of attB cleavage. This effect should be most clear at low substrate concentrations, where collisions between attB and intasome are rate limiting and the failure of a collision to yield a productive interaction should be consequential. To test this possibility, we prepared an attB substrate that contained a single phosphorothioate suicide linkage at the B site (top strand). This substrate, provided at a subsaturating concentration, was allowed to react with a homologous intasome or with an intasome containing heterology at position 1 within the overlap region. Figure 2 shows that, under these conditions, the rate of cleavage of this phosphorothioate bond was unaffected by the presence of overlap heterology.
The interpretation of this result depends on the degree to which cleavage is the consequence of synapsis with the attP partner. Both Int and intasome are capable of cleaving attB [8] . The former activity merely reports on the catalytic competence of Int protein, and does not address questions about partner interactions. Our reaction conditions have been carefully chosen (most importantly by adjusting the ratio of Int to attP DNA) so as to minimize cleavage of the attB phosphorothioate by Int alone. To demonstrate the resulting degree of dependence of attB cleavage on an attP intasome, we performed identical cleavage reactions in the absence of the accessory protein IHF.E IHF is necessary to form an active intasome [8, 9] , and very little cleavage was observed when IHF was omitted (Fig. 2) . Our elimination of a side reaction that does not depend on synapsis with attP permits us to draw a strong inference from a negative result. Specifically, the indistinguishable pattern of attB top-strand cleavage with different attP partners means that the step prior to cleavage, synapsis, is insensitive to the presence or absence of homology.
Comparing cleavage of the B and B' sites
To determine if homology can be sensed before bottomstrand cleavage or only after this step, we used attB substrates with top-or bottom-strand 5'-bridging phosphorothioate substitutions in order to compare the rate of cleavage of the B and B' sites in the presence of different overlap heterologies. heterology ( Fig. 3a) , confirming and extending the results described in the previous section. Figure 3b shows that non-homology at position 7 or at positions 4 plus 7 had only a small effect on the rate of bottom-strand cleavage. Because the overall recombination reaction has a nearly absolute dependence on homology throughout the overlap region, this finding suggests that homology in the portion of the overlap region involving positions 4 and 7 is used for a different part of the recombination process. Figure 3b also shows that the rate of bottom-strand cleavage was substantially reduced, relative to the homologous reaction or that with heterology at position 7, when heterologies were added at positions 1 or 3. Thus, of the catalytic steps involved in bottom-strand exchange, the earliest step (cleavage) depends on sequence identity between partners in this portion of the overlap region.
Although the presence of heterologies at positions 1 and 3 inhibit bottom-strand cleavage, they do not prevent it. We propose that the residual B' site cleavage results from improper alignment of the attB substrate, and that heterologies at positions 1 or 3 actually eliminate cleavage of the bottom strand in a bona fide recombination reaction. Our reasoning is as follows. The productive alignment of intasome with attB is the one that leads to top-strand exchange and homologous readout of the overlap sequence. (Current experiments provide no clues to the actual geometry of this alignment but it is convenient to imagine that the sites are aligned so that the C and B sites are juxtaposed.) However, it is likely that the intasome can also process attB when it is in the opposite alignment, thereby causing the B' site to be cleaved when it is aligned with the C site. Although we have evidence that such an alignment is disfavored (A.B.B., C.A. Robertson and H.A.N., unpublished observations), even an inefficient process can produce a significant background of cleavage.
For example, in a cross between an attP and a heterologous attB containing a phosphorothioate in the bottom strand, proper alignment is unproductive; attB is therefore presumably free to reverse the early steps, dissociate from the intasome and bind again. This would offer multiple opportunities for attB to adopt the opposite alignment.
If the residual rate of B'. cleavage in the absence of homology results from non-productive alignments, the enhancement in rate seen when homology is present should reflect proper alignment and thus might depend upon processing of the top strand. To test this possibility, a 5'-bridging phosphoramidate linkage was placed at the site of top-strand cleavage and a phosphorothioate linkage was placed at the site of bottom-strand cleavage. The phosphoramidate linkage was a very poor substrate for Int, so that little or no top-strand cleavage or joining product accumulated (data not shown). Under these conditions, cleavage of the B' phosphorothioate occurred but the rate was quite insensitive to homology (Fig. 3c) . Moreover, the rate of B' cleavage was slow -about the same as that seen in Figure 3b when heterologies were present at positions 1 or 3. Thus, maximal rates of B' cleavage depend not only on homology at positions 1 and 3 but also on processing of B. This pattern is completely consistent with our contention that, when attB is productively aligned, cleavage of its bottom strand strongly depends on perfect homology at positions 1-3. The difference in homology-dependence between top-and bottom-strand cleavage events strongly suggests that, just as there is an order to strand exchange [10, 11] , cleavage of the strands of attB occurs in a defined order: top before bottom. Using another set of phosphorothioate suicide substrates, we have confirmed this hypothesis (A.B.B., C.A. Robertson and H.A.N., unpublished observations).
Monitoring B and B' cleavage in the same molecule
We have constructed an attB substrate that provides a direct estimate of the effect of non-homology on bottom-strand cleavage relative to top-strand cleavage. Specifically, we have placed bridging phosphorothioate linkages at both B and B' sites. Because cleavage is thereby rendered irreversible, we expected this to hinder dissociation of attB from intasome following cleavage of either strand, and thus avoid the cycling of attB between productive and unproductive alignments, as described in the previous section. In addition, we have covalently linked the top and bottom strands through a hairpin (Fig.  4a ) so that both cleavage reactions (B and B') could be monitored on a given molecule.
The hairpin substrate was prepared with a 32 p label positioned 5' to the top-strand phosphorothioate; this permitted monitoring of both cleavage and joining fates of the B site. After incubation of this substrate with intasomes containing a homologous or heterologous overlap region, the reactions were quenched at an early time point (10 seconds) so that the amount of a given product approximates its initial rate of formation. The protein and DNA components were denatured and resolved (Fig.  4b) . Initial cleavage at the B site resulted in a labeled fragment with an apparent molecular weight of 64 kDa ('single', Intjoined to a 75 nucleotide DNA fragment); if the bottom strand (B' site) of this hairpin was also cleaved, the labeled fragment migrated with an apparent molecular weight of 60 kDa ('double', Intjoined to a 63 nucleotide DNA fragment). If the covalent intermediate formed between Int and the top strand of attB subsequently underwent strand joining with attP, the 32 P-labelled product migrated close to the top of the gel.
As shown in Figure 4b , when there were heterologies at position 7 or at positions 4 plus 7, double-strand cleavage products were formed in substantial amounts; in addition, a small amount of strand-joined product could be seen. But when heterologies were at positions I or 3, there was much less double-strand cleavage product and no strand-joined product was observed. As described in the Figure 4 legend, quantification of these data shows that the total amount of attB substrate processed by the intasome is not sensitive to the sequence of the overlap region. Moreover, if one takes into account the different concentrations of intasome and attB used, the rate at which the attB substrate of Figure 4 has undergone processing of the top strand is compatible with the rate of top-strand cleavage seen in Figure 3a .
Quantification of the data shown in Figure 4b (see legend) also confirms the visual impression that, in contrast to the total amount of products, the distribution of such Agarose gel electrophoresis of these reactions confirmed the low yield of joined products; staining of agarose gels from similar experiments established the absence of a significant amount of attP plasmid that was nicked or relaxed without concomitant joining to attB.
products is very sensitive to the location of heterology. In particular, the ratio of double-to single-strand cleavages changes abruptly when the heterology is moved from position 3 to position 4. We note that, in crosses in which heterology is present at position 7 or at positions 4 and 7, this ratio is higher than that seen in the homologous cross. Because of the data shown in Figure 3b , we doubt that this is because heterology induces bottomstrand cleavage. Instead, we propose that, in the homologous cross, a larger proportion of joined products derive from double-strand cleavage, thereby reducing the ratio of double-to single-strand cleavages in the unjoined products. This proposal implies that, although bottomstrand cleavage can be achieved when there is heterology at positions 4 and 7, the recombination machinery does not attain a state identical to that of a homologous cross. However, the distinction between these states must be subtle, as there is little difference in the total yield of the strand-joined products when heterology is absent or present at positions 4 and/or 7 (10-14 % of total processed products). As we discuss below, the low yield of joined products in all of these cases has strong implications for the mechanism of homology-sensing.
Discussion
Integrative and excisive recombination of bacteriophage X both require a region of sequence identity between recombining partners. How is sequence identity (described for historical reasons as homology) sensed during these reactions? It is believed that there must be direct interaction between the two partners because attachment sites containing many different-overlap sequences will recombine, as long as they share a common overlap [4] . This communication could occur at several different steps in the reaction, and each homology-dependent step could potentially occur by a different mechanism. In the past, most assays that examined homology-dependence relied on the completion of strand transfer, an endpoint that not only entails both strand cleavage and rejoining but one that is subject to reversal. To refine our understanding of the homology-dependence of recombination, we have examined the effect of non-homologies on a simpler endpoint, the irreversible cleavage of the strands of an attachment site.
Homology-independence of synapsis and top-strand cleavage
The DNA sequences that direct the exchange of the two strands of attB are called the B and B' sites. We initially focused on the effect of overlap heterologies on the rate of B site (top strand) cleavage, using substrates in which this cleavage is rendered irreversible by substitution of the scissile phosphodiester by a bridging phosphorothioate. In all three setups that we tested, overlap heterologies have little or no effect on the rate of B site cleavage. For example, when attB is present at relatively low concentrations, the rate of cleavage is virtually identical in the presence or absence of overlap heterologies (Fig. 2) . Under these conditions, the rate-limiting step in the reaction should be the formation of a synaptic structure involving enzyme (intasome) and substrate (attB); the absence of a strong effect of non-homology on the cleavage rate argues that homology is not important for the conversion of collisions between attP and attB into productive synapsis. This result and the related results reported above support and extend earlier experiments that came to the conclusion that some of the early steps in recombination could proceed despite non-homology [12, 13] . Our results go beyond those previously reported because, to prevent reversal, they used modifications (half-sites and heteroduplexes) that disrupted the normal anatomy of the attachment site and thus potentially bypassed a homology-dependent step.
Bottom-strand cleavage is sensitive to homology at positions 1-3 Our conclusion that homology is not important for synapsis and the initial cleavage of attB focuses the issue of when homology comes into play. Previous studies that assayed the level of Holliday junctions formed during site-specific recombination strongly suggested that there were at least two homology-dependent steps. In the most detailed study [10] , accumulation of Holliday junctions depended absolutely on sequence identity between partners at positions 1-3 of the overlap region but was nearly independent of homology at positions 4-7. This indicated that one homology-dependent process took place within the first three residues adjacent to the site of topstrand exchange. A second (and presumably subsequent) homology-dependent process was inferred to take place at positions 4-7 because heterology here interfered with the yield of completed recombinants.
Our analysis of the influence of homology and heterology on cleavage of the B' site provides new insight into the mechanism and consequences of the first process. Specifically, we find that heterologies at positions 1 or 3 inhibit bottom-strand cleavage relative to a homologous reaction (Fig. 3) . In addition, in an assay that monitors both B and B' cleavage simultaneously, heterologies at position 1 or 3 inhibit B', but not B, cleavage (Fig. 4) . The same assays show that heterology at positions 4 and 7 has only minor effects on the rate of B' cleavage. Thus, the successful completion of a homology-dependent process at positions 1-3 produces a change in the synaptic complex that triggers Int to cleave the B' site. It has been suggested that homology at positions 1-3 permits a rearrangement of the recombination machinery so as to spare Holliday junctions from being resolved back to parental form [10] . The present result refines that view by showing that the homology-dependent process not only prevents a back reaction but also activates a step in the forward direction. In other words, the successful completion of homology-sensing at positions 1-3 throws a switch in the recombination machinery.
Using synthetic Holliday junctions, Landy and colleagues have also identified a switch that depends on positioning within the overlap region [14] . In their experiments, the Holliday junction was fixed at various positions by constructing them with non-homologies in each arm. Under these conditions, when the branch is frozen between positions 3 and 4 (3/4), top strands are exchanged. But, if the branch is frozen between positions 4 and 5 (4/5), bottom strands are exchanged, suggesting that a switch in the recombination apparatus has been turned at this point. Unfortunately, it is difficult to relate experiments with frozen junctions to experiments with duplex attachment sites. Presumably, a frozen junction mimics a junction that has been made from duplex attachment sites by top-strand exchange and has subsequently encountered a non-homology. What is not known is which position of non-homology between duplex attachment sites corresponds to which position of a frozen junction. For example, does immobilization at positions 4/5 mimic a branch that has encountered heterology at position 4 or at position 5? Because the latter possibility seems quite reasonable, we suspect that the switch identified by frozen junctions occurs at a different position in the overlap region and therefore is distinct from the switch identified by experiments on bottom-strand cleavage.
Homology-sensing and formation of a Holliday joint As described above, when Int attacks the top strand of our attB suicide substrate, cleavage produces two ends, one terminated by a 5'-sulfhydryl and the other terminated by a covalently bound Int. The sulfhydryl is inert in ligation and so inactivates one strand joining event. Moreover, the creation of a unitary strand exchange event, by the displacement of the Int covalently bound to attB by a hydroxyl from attP, is very inefficient. (This is in contrast to the situation with nicked suicide substrates, where unitary strand transfer is efficiently executed by displacement of an Int covalently bound to attP by a hydroxyl from attB [11] ; the difference between these situations is the subject of another study.) Thus, attB duplexes with a phosphorothioate at the position of topstrand cleavage accumulate little or no strand transfer product; that is, they are defective in executing both of the strand exchanges that constitute a Holliday junction. Yet, as shown by our results obtained from bottom-strand cleavage experiments, homology can be sensed at positions 1-3 and, if present, can result in an alteration of the recombination machinery. This is most striking when substrates are non-homologous at positions 4 and 7; in this case, more than 75 % of bottom-strand cleavage is not associated with strand ligation.
We cannot rule out the possibility that, in a heterologous cross, a transient, unitary strand-joining product does form at the B site but is reversed with high efficiency. Without a suicide modification, reversal of strand transfer is thought to be common [10] , and we can not be certain of the extent to which the phosphorothioate modification interferes with this process. However, our finding that the efficiency of strand-joining is also very low in homologous crosses (14 % of total cleavage product, compared to 10-12 % in crosses in which heterology is present at positions 4 or 7) makes us disfavor the reversal scenario. This is because, unlike the situation with heterologous crosses, for homologous crosses there is no evidence to suggest that strand joining is frequently subject to reversal. Thus, the most parsimonious explanation of our data is that, with phosphorothioate substrates, unitary [25, 26] or saltatory [141 movement of strands. In either case, if the two partners are homologous, bottom-strand cleavage is activated and the recombination continues. Strand joining to form a Holliday junction may or may not significantly be affected by heterology but, in any case, is not essential for progress of the reaction. (c) Non-reciprocal inter-partner communication. In this model, the first event is cleavage at B but not C. Formation of a D-loop or a parallel DNA triplex [30] , allows for inter-partner communication. Only if the overlap regions are homologous is the top strand of attP cleaved. This possibility is attractive because it would help ensure the integrity of the viral genome during the search for the correct bacterial attachment site. Subsequent completion of a reciprocal exchange may or may not be significantly influenced by homology. We know of no data that are inconsistent with this model but, at present, we know of no experimental result which favors it. strand ligation is inefficient. We conclude that an early homology-dependent process (involving positions 1-3) does not require formation of a classical Holliday joint or even a half-Holliday joint. Figure 5 contrasts the classical model for homology-sensing with alternatives that accommodate this finding.
The mechanism of homology-sensing
Although the dependence of site-specific recombination on homology in the overlap region of interacting partners was discovered more than ten years ago, research in the past year has brought forth a variety of new experiments and new interpretations concerning this phenomenon [14] [15] [16] [17] [18] [19] . Thus, the results presented in this paper must be placed in context of current hypotheses concerning homology-sensing.
Two kinds of process, both requiring disannealing of complementary strands of the parental duplexes followed by reannealing to new partners, have been invoked as the principal mechanism for sensing homology. On the one hand, branch-migration models imagine that this process serves to change the position of the point of exchange between the duplexes and, simultaneously, to change the geometrical relationship between the recombining duplexes. Whether such a conformational change involves simple rotation of the duplexes [20] , changing of the stacking between segments of these duplexes [21] , or some other motion remains unknown. In either case, the guiding principle is that homologous partners succeed in moving the point of exchange, because the new duplexes formed by annealing are equivalent in energy to the parental duplexes. Branch migration involving nonhomologous partners would form mismatched duplexes; their unfavorable energy should greatly bias the process. On the other hand, ligation models focus on the geometry at the point where a recombining duplex has suffered a covalent interruption. According to such models, homology is required in the vicinity of this point to ensure that an incoming strand is properly positioned for ligation to its new partner. Non-homology would slow the rate and/or the extent of strand ligation.
The possibility that homology assists ligation was discussed in early studies of X [10] and P1 site-specific recombination [22] . Evidence that homology-sensitive positioning can indeed affect ligation in the X system is provided by recent experiments in which a duplex with a protruding end is converted by Int into a hairpin; such intramolecular events have a slightly faster rate when the hairpin forms a well-matched stem [14] . It should be pointed out that this result concerns ligation in an isolated duplex; the significance of the change in kinetics to a more complete recombination reaction is thus unclear. In one version of a complete reaction involving nonhomology, recombination with an attachment site constructed to contain mismatched base pairs, heterology does not prevent ligation [23] . In addition, the results obtained from experiments presented above, in which we used duplex attachment sites with bridging phosphorothioate substitutions, indicate that ligation is not the basis of at least one kind of homology-sensing. Nevertheless, the ligation model has been invoked to account for the results of experiments in which another kind of artificial recombination substrate was used -immobilized Holliday junctions.
Because the immobilized Holliday junction substrates permit efficient strand transfer despite the non-homologies that flank the frozen junction, it was suggested that "the recognition of sequence homology in Int-dependent site-specific recombination does not rely primarily on branch migration" [14] . In seeking an alternative to branch migration, these authors proposed that the homology-dependence of ligation is a likely candidate for the critical factor. In the following section, we attempt to apply the concept of microreversibility to reconcile the different experimental findings.
Reversibility and branch migration
Like most complex biochemical reactions, integrative recombination appears to involve a competition between forward and reverse processes. For the purposes of this discussion, we can generalize integrative recombination as a series of potentially reversible steps (Fig. 6) . As the overall integration reaction is strongly unidirectional both in vivo and in vitro, at least one of the steps in the recombination pathway must be essentially irreversible. A variety of procedures designed to block the reaction do not yield high levels of intermediates, so the irreversible step appears to occur late in the recombination pathway. Therefore, in contrast to many transposition systems, where each step of the pathway produces a structure more stable than its predecessor [24] , succeeding states of the integrative recombination machinery are increasingly unstable. Although we can not be certain which step (for example, ligation of rearranged strands or dissociation of the juxtaposed recombinants) is irreversible, access to it will depend on the abundance of its immediate substrate, which in turn is sensitive to all the competing earlier processes. Non-homology can therefore depress recombination efficiency either by directly influencing the irreversible step or by changing the ratio of forward to reverse rates of earlier steps.
Experiments with frozen junctions highlight the critical role that the capacity to reverse earlier steps plays in the sensing of homology. Consider, for example, a junction frozen at positions 4/5. Presumably, the heterology on the downstream side of the junction (at position 5) causes the same change as would a heterology at this point in a standard recombination substrate. In terms of the model presented in Figure 6 , we imagine that this change interferes with the conversion of J2 to L + R. In principle, Exchange of the top strands in this structure produces a Holliday junction, J1, which subsequently isomerizes to another form, J2.
Exchange of the bottom strands of the junction produces recombinants that are juxtaposed in a synaptic structure [L-RI. Additional processing of this structure yields the final recombinant products, L + R. Each strand exchange comprises strand cleavage, swapping and ligation; although this scheme shows these to be closely coupled, they clearly can be separated in time. For example, it is possible that ligation of L and R does not take place until after the last step shown in the diagram. Parallel pathways and dead-end steps are not considered here; it is also probable that each step that we have enumerated in reality comprises multiple stages.
heterology could affect cleavage of the bottom strands, strand swapping, strand ligation, or some other step in this conversion. Whatever the mechanism, heterology at position 5 blocks recombination in a standard substrate, whereas recombination of the frozen junction is robust. It might be argued that immobilization, created by adding heterology to the upstream side of the junction, somehow directly obviates the problem caused by the downstream heterology. However, it is hard to think of a plausible mechanism for this possibility. It is easier to imagine that freezing a junction causes loss of homology dependence because the upstream heterology interferes with access to an earlier step in the reaction scheme. For example, a junction frozen at positions 4/5 seems likely to prevent the conversion of J2 to J1. By preventing a back reaction that operates on standard recombination substrates, this would keep the concentration of J2 artificially high and thereby compensate for the effect of the downstream heterology on its conversion to recombinants.
If the above view is correct, frozen junctions cannot be used to determine the nature of the step in the k recombination pathway that is influenced by the downstream non-homology; they merely provide an artificial way to overcome that block. In particular, frozen junctions cannot tell us whether the effects of heterology on strand ligation are of significance in the reaction pathway. Moreover, it is dangerous to use the efficiency of resolution of junctions that have been frozen at different positions of the overlap region to infer the preferred geometry of a standard recombination reaction [14] . This is because the frozen junctions provide information only on how the J2 to L + R transition ( Fig. 6 ; steps 4 and/or 5) depends on the positioning of the J2 structure. In a standard reaction, recombination efficiency will also reflect how the conversion of J1 to J2 ( Fig. 6 ; step 3) varies with the positioning of the J2 structure. Such conversion is forbidden in the frozen junction experiments and we do not know its magnitude. To the extent that the formulation shown in Figure 6 applies to recombination promoted by other members of the Int family, such as Flp and Xer, interpretation of the behavior of frozen junctions in these systems [15, 18, 19] must also be limited.
An older, but now inadequate, view of the mechanism of site-specific recombination imagined that branch migration served principally to move forward along the pathway of recombination. According to this view, a heterology block to branch migration interfered with recombination just by preventing the next step. But, as we argue above, the capacity to reverse earlier steps also plays a critical role in the sensing of homology. This capacity also is intrinsic to a Holliday junction, because migration of the junction is best described as a random walk process that can move the point of exchange back and forth [25, 26] . Experiments with frozen junctions and experiments with bridging phosphorothioates have refined the classical view of the formation, movement and resolution of Holliday junctions by demonstrating the following: first, ligation to form a Holliday junction is not required in order for the annealing and disannealing of strands to test homology; second, movement of the junction in the center of the overlap region has different consequences than movement at the edges; and third, the junction need not be positioned precisely at the point of resolution, that is, there need not be net branch migration across the entire overlap region. Nevertheless, our interpretation of the current wave of experiments on homology-sensing leads us to favor the idea that, because of its capacity to influence the homologydependence of both forward and reverse steps, the process of branch migration is the central cog in the recognition of sequence identity.
Materials and methods
Recombination reactions
The buffer used for the recombination reactions contained 50 mM Tris-HC1 (pH 8.0), 70 mM KC1, 5 mM spermidine, 1 mM EDTA, and 100 l.g m1-1 bovine serum albumin; the concentration of Int, IHF and substrate DNAs are indicated in each figure legend. The supercoiled plasmids containing attP have been described [10, 13] ; they were purified by density gradient centrifugation and their concentration was determined by ultraviolet absorbance at 260 nm, assuming an extinction coefficient of 7.3 x 107 M-1 cm -1. With respect to the attB shown in Figure 1 , the overlap heterology of these attPs is indicated by listing the top-strand substituted nucleotide in parentheses: pHN887 (none); pHN884 (1A, 7C); pHN926 (3G, 7C); pHN895 (4G, 7C); pHN894 (7C). For the experiment shown in Figure 2 , because a different attB overlap sequence was used, the heterology was: pHN894 (none); pHN884 (1A). Recombination proteins, Int [23] and IHF [27] , were prepared as previously described.
Preparation of attB substrates
attB DNA substrates were constructed from the following synthetic oligonucleotides (written 5' to 3'; 's' indicates position of 5'-bridging phosphorothioate linkage; 'n' indicates position of 5'-bridging phosphoramidate). For the experiment shown in Figure 2 : oHN69S and oHN68 [8] . For the experiment shown in Figure 3a : oHN275S (TCCGTTGAAGCCTGCTTTsTTTATAATAACTTGAGCGAACAC) and oHN276 (GAGTGTTCGCTCAAGTTATTATAAAAAAG-CAGGCTTCAACG); Figure 3b : oHN276S (GAGTGTTCGCTCAAGTTAsTTATAAAAAAGCAGGCTTCAACG) and oHN275 (TCCGTTGAAGCCTGCTTTTTTATAATA-ACTTGAGCGAACAC); Figure 3c : oHN275N (TCCGTTGAAGCCTGCTTTnTTTATAATAACTTGAGCGAACAC) and oHN276S. For the experiment shown in Figure 4 : oHN126S (TCGCTCAAGTTAsTTATAAAAAAGCAGGC-TTCAACG) and oHN127S (TCCGTTGAAGCCTGCTTTsTTTATAATAACTTGAGC) plus CAP-B (GATCC-GTCGAATATTCGACGGA). Oligonucleotides containing 5'-bridging phosphorothioate [8] and phosphoramidate [28] linkages were prepared as described.
Oligonucleotides were gel purified (12-16 % polyacrylamide, 8 M urea gel), electroeluted (Schleicher and Schuell Elu-Trap apparatus), and then desalted by passage over a Bio-Gel P6 spin column. The concentration of individual strands was determined by ultraviolet absorbance at 260 nm, assuming an extinction coefficient of 5.7 x 105 M -1 cm -l. Labeled attB substrates were prepared as follows. Oligonucleotides (100 pmol) were 3'-end labeled with 200 l.Ci ct-[ 3 2 P]dCTP (3000 Ci mmole -1 ) and 10 units terminal deoxynucleotide transferase (Pharmacia LKB), in 201 buffer containing 60 mM sodium cacodylate (pH 7.0), 5 mM MgC1 2 and 1 mM DTT. Incubations were carried out at 37 C for 30 min, after which the reaction was heated to 65 C for 5 min. Reaction products resulting from the addition of a single nucleotide were purified on a 16 % polyacrylamide, 8 M urea gel, passively eluted into 10 mM Tris (pH 8.0), 0.1 M NaCl, and 1 mM EDTA, and then passed over a Bio-Gel P-30 spin column. The attB duplex substrates were prepared by mixing the appropriate oligonucleotides (5-fold molar excess of unlabeled complementary strand) in 0.1 M KC1 and 10 mM Tris (pH 8.0) at 37 C for 10 min. The specific activity of the labelled strands and the concentration of the annealed duplexes was determined as described [8] .
Preparation of attB hairpins
attB hairpins were prepared as follows. Oligonucleotide oHN127S (25 pmol) was 5'-end labeled using 200 lICi of y-[ 32 P]ATP (6000 Ci mmole -1 ) and 10 units of T4 polynucleotide kinase (New England Biolabs), in 100 1 buffer containing 50 mM Tris-HCl (pH 7.6), 10 mM MgCl 2 , 5 mM DTT, 0.1 mM spermidine and 0.05 % Nonidet P-40. Incubations were carried out at 37 C for 30 min, after which the reaction was heated to 80 °C for 5 min, and passed over a BioGel P-6 spin column. The labeled oligonucleotide was hybridized with a 2-fold molar excess of oHN126S in 10 mM Tris-HCI (pH 8.0) for 10 min, the duplex was then ligated to 10-fold molar excess of phosphorylated CAP-B oligonucleotide, in 50 mM Tris-HCl (pH 7.4), 5 mM MgC1 2 , at room temperature overnight. The duplex with hairpins on both the B and B' arms was purified on a 5 % polyacrylamide, 8 M urea gel, electroeluted (Schleicher and Schuell Elutrap apparatus), concentrated by lyophilization, and passed over a Bio-Spin P6 spin column. The hairpin on the B' arm was then removed by cleaving with PvuI (New England Biolabs) in 126 mM NaCI, 10 mM Tris-HCl (pH 7.4), 10 mM MgCl 2 , 10 mM 3-mercaptoethanol, 0.05 % Nonidet-P40, at 37 C for 60 min. SDS was added to 0.1 %, EDTA to 10 mM and the reaction was then extracted twice with ethyl acetate, and passed over a BioSpin P6 spin column. The final oligonucleotide concentration was brought to 4 M by adding an excess of unlabelled oHN126S/127S duplex.
